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Abstract 
The study is carried out in the framework of cooperation between IEE-CAS and EDF R&D since 2012 on the Badaling 1MWe 
concentrated solar tower power plant located in the suburb of Beijing. The paper first presents a dynamic model of the power 
plant, in which Modelica library 'ThermoSysPro’ was applied under the simulation environment Dymola®. The model comprises 
sun to power generation loop and thermal storage system including two tanks oil and a steam accumulator. A detailed shell and 
tube steam-oil sectional heat exchanger has been modeled and implemented to simulate the heat transfer performance. By doing 
this, storage charging and releasing procedure could be predicted delivering transient behaviors of the upstream and downstream 
steam quality. A two-level control design on the Matlab/Simulink® was developed and tested on the detailed Dymola® model. For 
realizing the coupling of two simulation tools, different approaches, were attempted, among which OPC server structure is 
suggested and presented in detail in this paper.  
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1. Introduction 
As environmentally friendly energy solutions, concentrated solar power technologies equipped with thermal 
storage have demonstrated a step forward in their performance in the past decade. Questions about non steady state 
when shifting operation mode come to the fore, which requires quantity of transient simulation of the entire power 
plant including storage system. Meanwhile it comes meaningful to tune an automatic dispatch for the mode 
transition facing the weather change or day and night cycle. Meeting these needs, the presented approach enables to 
carry out the simulation of a whole CSP tower plant’s behavior, being integrated with the automatic control by 
means of coupling two modeling tools Matlab® and Dymola®. 
The study is carried out in the framework of the joint R&D program between IEECAS (Institute of Electrical 
Engineering of the Chinese Academy of Science) and EDF on Badaling 1MWe tower solar thermal demo plant, 
aiming at improving the performance and reliability of the CSP technology by using advanced dynamic modeling 
methods. The reference [1] gives a detailed model for the heliostat field, the receiver and the power block of the 
same CSP plant with Dymola®. As a succeeding part of this work, the model is complemented by two-level thermal 
storage. With the given detailed expressions on shell and tube heat exchanger, performance of the storage during 
transient operation can be predicted. The reference [2] presents a two-level control strategy design on 
Matlab/Simulink® based on a simplified model. With integration of the regulation, main parameters are kept within 
the tolerant interval around the setpoint and as well the storage system can be automatically dispatched thanks to the 
operation state machine. In order to ensure the operation security of the plant and the reliability of the control design, 
the test of the regulation strategies on the detailed dynamic model in Dymola® is indispensable before implemented 
in the real power plant. Due to the fact that Dymola® and Matlab® are in different applied field, the former being 
strong in computation solver to deal with the algebraic differential system while the latter owning varied tools and 
modules for control conception, a co-simulation structure is chosen to carry out such a tool coupling test. OPC (OLE 
for process control) is one of the communication standards widely used in the industrial process field and is, 
therefore, applied in this study. This approach has been applied on a simplified model [6]. 
Nomenclature 
ĭ1[1,2,…N] Heat flux between shell and wall in heat exchanger (W) 
ĭ2[1,2,…N] Heat flux between tube and wall in heat exchanger (W) 
Tp1[1,2,…N] Wall temperature of surface 1 in heat exchanger (°C) 
Tp2[1,2,…N] Wall temperature of surface 2 in heat exchanger (°C) 
hc  Heat transfer coefficient of the shell side (W) 
k  Thermal conductivity of fluid in shell side (W/°C/m2) 
De  Equivalent diameter of the shell-side (m) 
Res  Shell-side Reynolds number  
Pr  Shell-side Prandtl number 
μ  Viscosity of fluid in shell-side (m Pa/s) 
μw  Viscosity of fluid at wall temperature in shell-side (m Pa/s) 
Q  Shell-side fluid flow rate (kg/s) 
As  Cross flow area at shell centerline (m2) 
dc  Pitch size (m) 
d0  Tube outside diameter of heat exchanger (m) 
B  Baffle spacing (m) 
Ds  Shell inside diameter (m) 
C  Clearance between tubes of heat exchanger (m) 
f  Friction factor  
Nb  Number of baffle in heat exchanger 
ȡ  Fluid density (kg/m3) 
L  Shell total length (m) 
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2. Description of the system 
Badaling CSP demo plant is constituted by a solar field, a receiver system installed on a tower, a thermal storage 
system and a power generation block, see Fig. 1. The solar energy is reflected by the solar field, composed by one 
hundred of 100m² heliostats, and concentrated towards the receiver located on 78m height of the tower. The receiver 
is composed of a drum, 7 evaporators and 4 superheater panels. The thermal energy storage system in the demo 
plant is the combination of a steam accumulator with the volume of 100 m3, two heat exchangers, two oil pumps, 
hot and cold oil storage tanks, where the artificial oil Therminol VP-1, a mixture of biphenyl ether and biphenyl, is 
used [3]. 
The feed water is firstly pumped to the drum and evaporated by circulation between the evaporators and the 
drum. The saturated steam is then heated through 4 superheaters in series and turns into superheated steam with the 
quality of 2.5MPa and 400°C at the outlet. The superheated steam produced is sent directly to the power block 
through the direct valve VDirect or sent to the storage system by opening the valve VStock. The superheated steam 
heats the cold oil (240°C) through exchanger A and then the saturated steam is stored in the accumulator while 
heated oil (350°C) flows into the hot tank. Therefore, the sensible and latent heat is stored in the hot oil tank and the 
steam accumulator, respectively. When the steam produced by the receiver is insufficient, the steam (2.35MPa, 
220°C) stored in the steam accumulator is released by opening the valve VDestock and heated to 320°C through the 
exchanger B by the hot oil. Afterwards, the steam flows into the turbine and the cooled oil (240°C) after the heat 
exchange returns to the cold oil tank. The superheated steam admitted by the turbine is controlled by the throttle 
VTur. A steam bypass valve VBypass is activated in case of high pressure. The steam at outlet of the turbine is 
condensed and the water is sent to the deaerator. 
 
Fig. 1. System process diagram 
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3. Model development 
3.1. Simplified control design model 
A simplified control used design model has been developed first in order to tune the correct regulation. The 
simplified model is capable of predicting necessary dynamic behavior of the power plant and at the same time is 
simple enough to avoid the calculation burden [2]. For instance, an evaporator model is based on the Aström low 
order model whose complexity is suited for control purpose. NTU method (the number of transfer units) is used for 
describing the heat exchanger performance. The fluid temperatures at the inlet of the exchanger is determined by 
other process, and at the outlet, the temperatures are calculated on function of the inlet temperature and flow rate by 
considering the global heat transfer effectiveness. Oil tanks take only the volumic mass and energy balance into 
consideration. 
The model has an acceptable processing speed for tuning different control strategies and adjusting the 
parameters. However some system behaviors are ignored by taking some simplified methods: NTU is not able to 
describe massic accumulation inside tube and shell either dynamic heat transfer phenomenon inside the exchangers, 
for example. Some assumptions adopted may also lead to a deviation from the reality. For instance, the fixed 
rotation speed pump in this model is approximated as a fixed flow rate fluid source, while the flow rate is varied on 
function of the pressure difference between upstream and downstream. In order to properly address these issues, a 
detailed physical model is needed to better predict the physical phenomena and as well to test the control design. 
ThermoSysPro library [4] based model on Modelica language is adequately adapted to these requirements and 
therefore applied in the following work. 
3.2. ThermoSysPro library based model 
x ThermoSysPro library and main components 
ThermoSysPro is a library for the modeling and simulation of power plants at the system level. It contains model 
components validated against industrial applications. ThermoSysPro is now commonly used at EDF for research, 
development and engineering purposes with Dymola®. ThermoSysPro is aimed at providing the most frequently 
used model components for the 0D-1D static and dynamic modeling of thermodynamic systems of industrial 
processes, such as nuclear, thermal or solar power plants, energy conversion systems, etc. It involves technical fields 
such as thermal hydraulics, combustion, neutronics, and solar radiation. The library is validated against reference 
test-cases from the nuclear, thermal, solar and biomass fields. ThermoSysPro is used for system sizing, thermal 
performance monitoring, verification and validation of control systems, system diagnostics and plant monitoring. 
Some new bloc models specially used in thermal solar technologies have been recently developed, which get the 
library more complete and feasible for this application. 
 
x Oil loop 
Therminol-VP1 oil property and related equipments in the storage system are newly integrated into the 
ThermoSysPro library, which will be validated by the operational feedback. 
 
x 0D-1D Counter flow shell-tube exchange 
One of the main equipments of storage system in Badaling CSP demonstrator is shell and tube oil-steam heat 
exchanger. According to the designed process, oil is heated by the superheated steam during the storage mode until 
350°C and reheats the steam from accumulator to 320°C during energy release process. In the case of inefficient 
heat transfer in exchangers, steam can hardly reach the required temperature, which will surely impact the turbine 
and even the operation safety. Considering that the flow rate of the steam into the storage system is hardly stable, the 
oil flow rate needs to be well adjusted to maximize the heat extraction. A detailed 0D-1D dynamic model of heat 
exchanger has been developed based on Kern method for describing the shell-side correlation [5]. 
The model of a shell-tube exchanger is composed by multi-section shell, metal wall and parallel tubes, see Fig 
2.(a)., in which main equations are based on the thermal convection transfer in the shell-side and oil tube and the 
thermal conduction through the metal wall. For oil tubes in the exchanger, the correlations Dittus-Bölter can be 
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applied. While considering the baffles, the steam flow will not be strictly along the axis of tubes, and thus the heat 
transfer coefficient is higher than the coefficient for the undisturbed flow conditions without baffles. The Kern 
method uses different equivalent diameter De according to triangle or square tube arrangement form in the shell, see 
Fig 2.(b) and Fig 2.(c). The following correlations for the shell-side heat transfer coefficient are given: 
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Based on the design data, a typical counter current tube and shell exchanger is applied with 76 tubes installed in 
parallel. Total heat exchange surface is 187m2. Considering the characteristics instability of incoming superheated 
steam, the oil flow rate needs to be adjusted and controlled by the variable speed pump, so as to maximize the oil 
temperature after the heat exchange (350ºC as the design value) and in the same time minimize the steam outlet 
temperature. Series of tests on the exchanger module have been carried out under different flow rates of superheated 
steam and oil. The result is summarized in the following figure, which could be served for the purpose of control 
system design. 
 
Fig. 3. Exchanger static performance with the varied fluid flow rates. 
3.3. Model development 
The complete model is composed by heliostat, receiver, power block and storage system. Under the direct 
electricity generation mode as the initial state, the storage system is not activated with the produced superheated 
steam feeding directly the turbine. A small value of valve opening is maintained for the charging and discharging 
valves by taking into consideration of the actual leakage within the scale of 10-2kg/s.  
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Fig. 4. Complete dynamic model on Dymola®. 
4. Control implementation 
4.1. Two-level control loop 
Two-level control loop [2] has been designed and simulated in Matlab/Simulink® with the simplified model 
mentioned in the section 3.1. The upper level is an event-driven state chart which computes setpoints for the lower-
level continuous controllers, which are mostly PID controllers, see Fig.5. This upper controller is implemented using 
Stateflow®. 
 
 
Fig. 5. two-level control structure. 
4.2. Test on ThermoSysPro model 
A tool coupling test is introduced in this section with the aim at applying the regulation strategies designed with 
Matlab/Simulink® in the dynamic Dymola® model as mentioned in the section 3.3. Several methods can be 
employed:  
1342   S.J. Liu et al. /  Energy Procedia  69 ( 2015 )  1335 – 1343 
x Embedded model. Model of Dymola® can be transferred into embedded S-function block and integrated in 
Simulink® with regulation loops. However, divergence issue could be encountered since the same computation 
time step is taken for both solvers.  
x Co-simulation through OPC server. Dymola® has already integrated OPC function in its 2014 version, which 
allows establishing OPC server to which Matlab/Simulink® can be connected as a client using its OPC toolbox. 
The approach is relatively easy to be realized without any modification on process model or control design. The 
connection can be manually set up and ceased to avoid any deviation or delay during the simulation. However, 
the pseudo real-time communication mode enables to accelerate or decelerate the simulation for a certain level.  
The speed-change multiple and sampling time could be variable depending on the complexity of model and 
need to be delicately chosen through several tests. 
The Fig.6 shows the implementation of the latter option on Simulink®. The two gray blocks represents OPC 
reading and writing interfaces by selecting concerned inputs and outputs from Dymola® model. OPC configuration 
box allows parameterizing communication features such as sampling time, acceleration option compared to real-
time, speed-change multiple. All regulation designs are presented in the other two blocks including continuous 
controllers and the state machine for piloting the storage system. 
5. Simulation results 
A scenario simulation of operation mode switch is discussed in this section as an example, in which a sudden rise 
of solar radiation from 800w/m2 to 1200w/m2 at the end of 2000 second is described, see Fig.7. The operation mode 
is automatically switched to STORAGE when the steam pressure in the drum is detected to achieve a certain level, 
as designed in the control strategy. During storage, the storage steam valve is controlled to ensure the stability of  
steam pressure in the drum, maintained at its setpoint. By doing this, the steam flow rate to turbine is stabilized to 
ensure the power production. A proportion of steam from the receiver is led to the storage system, which depends 
actually on the input power. The steam pressure in the accumulator begins to increase accordingly with the 
continuous steam injection. Besides, water supplement to the drum is also activated following the feed water 
regulation to maintain the water level in the drum. 
 
 
Fig. 6. Control test structure of co-simulation via OPC communication server. 
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Fig. 7. simulation results. 
6. Conclusion 
Transient scenarios are commonly encountered in CSP power plan operation because of the unpredictable 
weather condition and other unexpected phenomenon due to the complexity of system. The development of 
advanced control strategy is considered as an efficient means to improve the manoeuvrability and stability of the 
CSP plants, for which appropriate numerical models are highly required for the design and verification before the 
implementation in the real power plant. ThermoSysPro, a Modelica library based on the software Dymola®, is 
composed by very detailed physical modules commonly used in thermal dynamic process. Based on this library, a 
numerical model of Badaling 1MWe CSP power plant with a one-hour thermal storage has been developed and is 
under validation by the ongoing experimental campaigns.  
Concerning the control design, two-level regulation has been tuned on a simplified model on Matlab/Simulink®. 
By establishing the communication between Matlab® and Dymola® via OPC data server, the regulation can be tested 
on the detailed Dymola® model mentioned above. Under the same structure, PLC hardware in loop test is as well 
carried out under the same structure [6]. The next steps will be the on-site implementation and extended validation 
of the control solutions on DCS of the power plant. 
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